Propolis is a multicomponent, active, complex resinous substance collected by honeybees from a variety of plant sources. We have studied the effect of propolis on neurite outgrowth of SH-SY5Y human neuroblastoma cells induced to differentiate by all-trans-retinoic acid (RA). Propolis, at a concentration of 3 µg/ mL, had no significant effect on the viability of differentiating SH-SY5Y cells. However, the neurite outgrowth of the differentiating SH-SY5Y cells treated with propolis (0.3~3 µg/mL) for 48 hr was significantly inhibited in a dose-dependent manner. Treatment of RA-stimulated differentiating SH-SY5Y cells with 0.3 to 3 µg/mL propolis resulted in decreased level of transglutaminase and 43-kDa growth-associated protein (GAP-43) in a dose-dependent manner. The results indicate that propolis is able to inhibit neurite outgrowth of differentiating SH-SY5Y cells.
INTRODUCTION
Propolis is made from a sticky substance that honeybees produce by mixing their own waxes with resinous sap obtained from certain trees and other flowering plants. Propolis has been popularly used in folk medicine. The putative therapeutic properties of propolis could be related to its anti-bacterial (1), anti-inflammatory (2), anti-oxidative (3, 4) , and tumoricidal activities (5, 6) . Although propolis contains more than 300 different chemical compounds, phenolic acids and esters, polyphenols such as flavonoids and phenolic acids/ ester are relatively popular constituents (7) . It has been well demonstrated that propolis has a distinct pronounced cytotoxic and anticarcinogenic effect in tumor cell models (8) (9) (10) .
Established cell lines derived from nervous system tissue have proven to be powerful tools for elucidating cellular and molecular mechanisms of nervous system development and function. They also have been used to understand the action mechanism of neurotoxic chemicals. As neurons showing characteristic morphology with many cell processes have the ability of extending neurite, neurite outgrowth in cultured neurons is considered one indication of neuroregenerative potential (11, 12) . The human SH-SY5Y neuroblastoma cell line has the capability of undergoing neuronal maturation. It can be differentiated into neuronlike cells with neurites in response to all-trans-retinoic acid (RA) stimulation (13) . Therefore, it has been used as in vitro cell model for studying the mechanisms of neuronal differentiation and neurotoxicity (14, 15) . Neuronal differentiation of SH-SY5Y cells in response to RA is coupled with increased expression and activation of transglutaminase (TGase) (16) . It was demonstrated that TGase is required for the promotion of neurite outgrowth (17) . Growth-associated protein 43 (GAP-43), a nervous tissue-specific cytoplasmic protein, has been termed a 'growth' or 'plasticity' protein because it is expressed at high levels in neuronal growth cones during development and axonal regeneration (18) .
In the present study, we investigated the effect of propolis on RA-induced differentiation of SH-SY5Y human neuroblastoma cell line. We found that propolis inhibited the neurite outgrowth and the expression of TGase protein of differentiating SH-SY5Y neuroblastoma cells.
MATERIALS AND METHODS

Propolis.
Crude propolis was collected from the region of Yongin (Gyeonggi, Korea), and kept desiccated in a refrigerator (−20 o C) before being processed. Ethanol propolis extract (EEP) was prepared by the following procedure. Briefly, frozen propolis was powdered in a blender, placed in 95% ethanol solution and incubated at room temperature for 3 months. The ethanol extract was filtered through Whatman No. 2 paper. The filtered ethanol extract (1 mL) was evaporated to dryness, yielding 200 mg. Propolis was dissolved in 95% ethanol solution.
Cell culture. SH-SY5Y human neuroblastoma cells were purchased from Korean Cell Line Bank (Seoul, Korea). Cells were maintained in complete culture medium consisting of Ham's F12 and Eagle's minimum essential medium (Invitrogen Co., Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, Logan, Utah, USA) plus 100 units/mL penicillin, 100 µg/mL streptomycin, and nonessential amino acids in a humidified incubator with 5% CO 2 and 95% air at 37 o C. The medium was refreshed every 2 days.
Propolis treatment.
For differentiation studies, the cells were plated in 24-well plates at a density of 1 × 10 5 cells/mL. After incubation for 2 days, 10 µM all-trans-RA was added to the medium for 2 days. Cells treated with RA showed significant neurite outgrowth. In the case of chemical treatment of cells undergoing differentiation, the SH-SY5Y cells were plated in the same way. After incubation for 2 days, 10 µM RA and various concentrations of propolis were treated simultaneously.
Cell viability. The methylthiazoltetrazolium (MTT) assay was performed to measure cytotoxicity of propolis on differentiating SH-SY5Y cells. Cells were plated in 24-well plates at a density of 1 × 10 5 cells/mL. After incubation for 24 hr, the medium was refreshed, and propolis (0.3 and 3 µg/mL) was administered for 2 days in the presence or absence of 10 µM RA. Following exposure to propolis, the cells were incubated for 4 hr with 0.5 mg/mL MTT at 37 o C. The reaction was stopped by removing the medium and adding acid isopropanol. The absorbance was measured at 540 nm of wavelength using a microplate reader (Bio-Rad Laoratories, Hercules, CA, USA).
Cell morphological analysis. SH-SY5Y cells were plated in 24-well plates at a density of 1 × 10 5 cells/mL. After incubation for 24 hr, the medium was refreshed, and 10 µM RA and various concentrations of propolis were added simultaneously. After incubation for 2 days, the cells were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 3 min, washed with PBS, stained with Coomassie Brilliant Blue, and washed with PBS. The morphological changes in the cells were observed under a phase-contrast microscope. Those cells whose cell body diameters longer than twice of the diameter of cell body were considered as neurite-bearing cells (19) . The percentage of the cells with neurites in a particular culture was determined by counting at least 200 cells in each sample.
Western blot analysis.
For Western blot analysis, SH-SY5Y cells were plated in 100-mm plates at a density of 1 × 10 5 cells/mL (10 mL). After incubation for 24 hr, the medium was refreshed and incubated in the presence and absence of RA and propolis. After incubation for indicated times, the cells were washed with ice-cold PBS and lysed with lysis buffer (50 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl 2 , 5 mM EDTA) containing protease inhibitor cocktail (Sigma-Aldrich Korea Ltd., Yongin, Korea) at 4 o C for 30 min. Total proteins were obtained after centrifugation at 10,000 ×g for 30 min at 4 o C. The protein concentrations were determined by Bradford assay (Pierce, Rockford, Illinois). All proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel and electrophoretically transferred to polyvinyl difluoride nitrocellulose membrane (Millipore Co., Bedford, MA, USA). After blocking at room temperature for 90 min in Tris-buffered saline (TBS)-Tween containing 5% skim milk, the membranes were incubated with primary antibodies of anti-TGase (Santa Crus, CA, USA) and anti-GAP-43 (Santa Crus), followed by incubation with horseradish peroxidase-conjugated secondary antibody (Zymed, San Francisco, CA, USA). After washing 5 times with TBS-Tween, the bands were detected with a standard ECL detection system (LabFrontier Co., Seoul, Korea).
Statistical analysis.
Results were expressed as mean values ± standard error (mean ± S.E.). Statistical analysis was performed by Student's t-test. A level of p < 0.05 was considered to be significant.
RESULT
Propolis inhibits neurite outgrowth of differentiating SH-SY5Y neuroblastoma cells. The composition of propolis depends on the vegetation of the collection area (20) . The estimation of total flavonoid contents in the ethanol extracts of our propolis was done by colorimetric method. We used quercetin as a standard compound. The total flavonoid content of our propolis sample was 10.31 ± 0.84 g per 100 g ethanol extract.
To investigate the effect of propolis on differentiation of SH-SY5Y human neuroblastoma cells, we first determined the suitable subacute propolis concentrations. Cells were treated with propolis (0.3 and 3 µg/mL) for 2 days in the presence of 10 µM RA. Following exposure to propolis, viability of SH-SY5Y cells was determined by the MTT assay. The percentage of viable cells was calculated by defining the viability of cells without RA and propolis treatment as 100%. Data are expressed as the mean ± standard error obtained from 4 independent experiments. As shown in Fig.  1 , up to 3 µg/mL of propolis had no significant effect on the viability of differentiating SH-SY5Y neuroblastoma cells.
The effects of propolis on the differentiation of SH-SY5Y cells induced by RA was initially assessed by examining the effect on neurite outgrowth. Propolis was used at various concentrations up to 3 µg/mL, which had no significant effect on the viability of differentiating SH-SY5Y cells. Although propolis had no significant effect on the cell viability at concentrations (< 3 µg/mL), the neurite outgrowth of differentiating SH-SY5Y cells at concentrations of 0.3 to 3 µg/mL propolis was significantly inhibited in a dose-dependent manner (Fig. 2) .
Propolis decreased the expression levels of TGase and GAP-43 proteins of differentiating SH-SY5Y neuroblastoma cells. The molecular basis of the inhibitory effects of propolis on neurite outgrowth of SH-SY5Y cells was studied further by probing Western blots of cell extracts with antibodies against TGase. TGase is one of a set of proteins that are strongly up-regulated in differentiating SH-SY5Y cells in response to RA, and is known to be necessary for neuronal differentiation of SH-SY5Y cells (21, 22) . TGase, therefore, is widely used as a common indicator for RA-induced differentiation of neuronal cells. In order to determine the effects of propolis on the expressioin of TGase protein in differentiating SH-SY5Y cells, cells were treated with 10 µM RA and various concentrations of propolis for 48 hr. As shown in Fig. 3 , the cell extracts of propolis treated groups exhibited decreased cross-reactivities with TGase antibody when compared to control extracts in a dose-dependent manner. Since GAP-43 is a neural-specific protein that is thought to play a role in neurite outgrowth, GAP-43 is used as a common indicator for RA-induced differentiation of SH-SY5Y cells (23, 24) . In order to determine the effects of propolis on the expression of GAP-43 protein in differentiating SH-SY5Y cells, the cells were treated with 10 µM RA and various concentrations of propolis for 48 hr. As shown in Fig. 4 , propolis-treated cell extracts exhibited the decrease of crossreactivities with the GAP-43 antibody when compared to control extracts in a dose-dependent manner.
DISCUSSION
Natural products are a promising source for the discovery of new pharmaceuticals. Propolis has been employed extensively since ancient times. Its use continues today as a popular remedy. Propolis presents plenty of biological and pharmacological properties, such as immunomodulatory (25) , antitumor (5,6), anti-inflammatory (2), antioxidant (26) , antibacterial (1), antiviral (27) , antifungal (28) , and antiparasite activities (29) . However, the effect of propolis on neu- rosystem remain undefined. It has been suggested that in vitro methods are useful for preliminary investigation of the possible potential of a natural product (30) . If such in vitro assays yield positive results, further investigation is necessary to produce data with clinical relevance. Moreover, in vitro and in vivo assays do not always include chemically characterized extracts, and one should take into account that pharmacological variability of preparations is expected (30) .
A number of human neuroblastoma cell lines including IMR-32, SH-SY5Y, and SK-N-SH cells have been used to evaluate the effects of toxicants on neurite outgrowth (31) . Any changes in neurite outgrowth in differentiating neurons can be used for the elucidation of neuroregenerative potential (32) . SH-SY5Y human neuroblastoma cells can be differentiated into neuron-like cells with neurites in response to all-trans-RA stimulation (13) . It has been used as an in vitro cell model for studying potential mechanisms of neurotoxicity.
In our experiment, we investigated the effect of propolis on nerve system using SH-SY-5Y human neuroblastoma cell line. Human SH-SY5Y neuroblastoma cells could be induced to differentiate by 10 µM all-trans retinoic acid (RA) treatment. We demonstrated that propolis inhibited neurite outgrowth of differentiating SH-SY5Y neuroblastoma cells. And propolis decreased the expression of TGase and GAP-43 proteins, common markers of differentiating neuroblastoma cells. These results suggest the potential effect of propolis on the differentiation of neuron. 
